Abstract: Integrin aVb3 plays an important role in regulating cellular activities and in human diseases. Although the structure of aVb3 has been studied by crystallography and electron microscopy, the detailed activation mechanism of integrin aVb3 induced by fibronectin remains unclear. In this study, we investigated the conformational and dynamical motion changes of Mn 21 -bound integrin aVb3 by binding to fibronectin with molecular dynamics simulations. Results showed that fibronectin binding to integrin aVb3 caused the changes of the conformational flexibility of aVb3 domains, the essential mode of motion for the domains of aV subunit and b3 subunit and the degrees of correlated motion of residues between the domains of aV subunit and b3 subunit of integrin aVb3. The angle of Propeller domain with respect to the Calf-2 domain of aV subunit and the angle of Hybrid domain with respect to bA domain of b3 subunit significantly increased when integrin aVb3 was bound to fibronectin. These changes could result in the conformational change tendency of aVb3 from a bend conformation to an extended conformation and lead to the open swing of Hybrid domain relative to bA domain of b3 subunit, which have demonstrated their importance for aVb3 activation. Fibronectin binding to integrin aVb3 significantly decreased the relative position of a1 helix to bA domain and that to metal ion-dependent adhesion site, stabilized Mn 21 ions binding in integrin aVb3 and changed fibronectin conformation, which are important for aVb3 activation. Results from this study provide important molecular insight into the "outside-in" activation mechanism of integrin aVb3 by binding to fibronectin.
Introduction
Integrins are a/b heterodimeric cell adhesion receptors that consist of a bilobular head and two legs spanning the plasma membrane. 1, 2 Integrins play important roles in the pathogenesis of many diseases, such as cancer, infection, thrombosis, and autoimmune disorders. 3, 4 Integrins can transmit signals in both "inside-out" (from intracellular to extracellular) and "outside-in" (from extracellular to intracellular) directions. 5 For "inside-out" signaling, a cytoplasmic signal, such as binding of intracellular protein talin, induces allosteric conformation changes of the extracellular domain required for extracellular ligand binding. 2 For "outside-in" signaling, conformation of the integrin extracellular domain could be changed by binding to physiologic ligands such as fibronectin and the divalent cation Mn 21 . 6, 7 The signal propagations from both "inside-out" and "outside-in" directions can make the integrins transform from a low to a high affinity state of ligand binding to signal cellular activities.
As an important member of integrin, integrin aVb3 plays an important role in regulating osteoclast, 8 tumor proliferation, 9 and angiogenesis. 10 To understand its functional role, aVb3 integrin structure has been studied. 1, [11] [12] [13] [14] The structural studies
show that the extracellular segment of aVb3 consists of 4 domains (Propeller, Thigh, Calf-1, and Calf-2 domains) from aV subunit and 8 domains (bA, Hybrid, PSI, EGF-1/2/3/4, and b-tail domains) from b3 subunit. The Propeller and Thigh domains of aV subunit and bA and Hybrid domains of b3 subunit mainly formed a globular "head," whereas the Calf-1 and Calf-2 domains of aV and EGF-1/2/3/4 and b-trail domains of b3 formed two long legs. The bA domain of b3 plays an essential role in regulating the integrin activities. 15, 16 It contains a ligand-
binding site and three metal ion binding sites, that is, a metal ion-dependent adhesion site (MIDAS), an adjacent MIDAS cation-binding site (ADMIDAS), and a ligand-induced metal binding site (LIMBS).
Crystal structures show that without ligand binding, aVb3 is in a bend conformation where the globular head and tail domains of aVb3 are close to each other. 1, 17 The bent knee takes place between the Thigh and Calf-1 domains in aV subunit and EFG-1 and EFG 22 domains in b3 subunit. 1, 17 This bent conformation of aVb3 is regarded as the physiologically low binding affinity state for ligands. 18 The transition from bent to extended conformation was found for integrin aXb2 and aLb2 19 after binding of antagonists CBR LFA-1/2 and KIM127 Fab, and for a5b1 20 and aIIbb3 21 after binding of ligand fibrinogen based on the electron microscopy results. All these results show that integrin can not only adopt a bent conformation where the head interacts with the legs, but also form an extended conformation where the head is away from the legs. A switchblade model has been proposed to interpret the integrin activation mechanism. 22, 23 In the switchblade model, outside-in activation is driven by the ligand binding, which results in the knee extending from the bent conformation. This extension would accompany by the relative orientation change of Hybrid and bA domain of b subunit and allow the motions of a1 and a7 helice of bA domain to switch bA to the high affinity conformation. 24, 25 Fibronectin (Fn) is a dimeric glycoprotein that can interact with integrin such as aVb3 26 and a5b1.
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For the integrin-fibronecctin complex, fibronectin not only provides a substrate for cell anchorage to the extracellular matrix, but also serves as a regulatory factor in many cellular processes including cell adhesion, growth, migration, differentiation, and proliferation. 28 The fibronectin monomer is composed of three types of modules: type I, type II, and type III. The module 10 of type III for fibronectin (FnIII 10 ) has a RGD (Arg-Gly-Asp) sequence which is the binding site for aVb3 and a5b1 integrin. Besides the binding site, there is another site called "synergy site" in module 9 of type III (FnIII 9 ) which can regulate the binding of fibronectin with integrin. 29 Computational studies have also been performed to understand integrin aVb3 activation mechanism. Puklin-Faucher et al.
identify an allosteric pathway of integrin aVb3 activation by fibronectin, in which RGD-containing FnIII 10 was used to represent fibronectin and only the bA and hybrid domains of the b3 subunit, the b-propeller domain of the aV subunit were used to represent extracellular segment of integrin aVb3 for the simulation feasibility. 30, 31 Their studies show that the hinge angle between bA domain and Hybrid domain opens spontaneously when aVb3 is bound with FnIII 10 , and the hinge open is related to the formation of a hydrophobic T-Junction between the a1 and a7 helice of bA domain. 30, 31 Our group has studied the effect of glycosylation of the bA domain of b1 on the structural and dynamical change of the bA domain of b1 in complex with FnIII 9 and FnIII 10 using computational modeling. [32] [33] [34] These activation mechanism studies focus on the headpiece of aVb3 rather than the entire extracellular domain of aVb3. Because the dynamic processes and the activation pathways could be involved with integrin legs, it is important to investigate the activation mechanisms of full-length extracellular domains of aVb3.
In this study, we investigated the conformational and dynamical motion changes of entire extracellular domains of aVb3 by binding to module 9 and 10 of fibronectin (FnIII 9-10 ) with molecular dynamics (MD) simulations. To characterize the large-scale conformational transition of integrin aVb3 induced by FnIII 9-10 , dynamical crosscorrelation map between residues and principal component analysis (PCA) for aVb3 were analyzed. The dynamical motion of aVb3 and the motion of the bA domain relative to Hybrid domain induced by fibronectin were examined, the specific role of a1 helix in bA domain was evaluated, and the binding of Mn 21 ions in integrin aVb3 and the conformational changes of FnIII 9-10 by binding to integrin aVb3 were examined. The results demonstrated that the conformational and dynamical motion change of aVb3 induced by binding to fibronectin directly contribute to the extended conformation of the integrin aVb3 for activation, which provided important molecular insight into the "outside-in" activation mechanisms of integrin aVb3 by binding to fibronectin.
Results and Discussion
The modeled structure of integrin aVb3 is shown as Figure 1 . The evaluation results of the constructed model of aVb3 structure are very similar to the template crystal structure (Supporting Information  Table S1 ), which suggested a validated structure for the constructed integrin aVb3. The obtained structure of aVb3-FnIII 9-10 complex is shown as Supporting Information Figure S1 . Our model contains aV subunit (residue 1-956) and b3 subunit (residue 1-690) of integrin aVb3, and FnIII 9-10 (residue 1329-1509). The RMSD for aV and b3 subunit of integrin aVb3 with and without bound to FnIII [9] [10] and RMSD of fibronectin with and without bound to aVb3 over 180 ns MD simulations showed that the simulated systems reached initial equilibration after the first 100 ns (Supporting Information Fig. S2 ). The last 80 ns MD simulation trajectories of the 180 ns MD simulations were used for the conformational and dynamical motion analyses of integrin aVb3 by binding to fibronectin.
Conformational changes in integrin aVb3
RMSF comparison for aV and b3 subunit of integrin aVb3 with and without binding to fibronectin. "Head" of aV subunit of integrin aVb3 is composed of Propeller and Thigh domains, and "tail" of aV subunit is composed of Calf-1 and Calf-2 domains. 1 RMSF of aV subunit of integrin aVb3 showed that fibronectin binding to integrin aVb3 resulted in the increased conformational flexibility of Thigh domain, and most regions of Calf-1 and Calf-2 domains [ Fig. 2(A) ], which could contribute to dynamical motion of integrin aVb3 by binding to fibronectin to change from a bend conformation to an extended conformation for its activation. "Head" of b3 subunit of integrin aVb3 is composed of bA and Hybrid domains, and "tail" of b3 subunit is composed of EGF-1, 2, 3, 4 domains and tail domain. 1 Specificity determining loop (SDL, residues 159187) in bA domain is directly related to ligand binding. 35 The motions of a1 and a7 helice in bA domain play important role in the integrin activation. 15 RMSF of b3 subunit of integrin aVb3 showed that fibronectin binding to integrin aVb3 resulted in the stabilized the conformation for SDL region, a1 and a7 helice in bA domain, but increased conformational flexibility for EGF-1, 2, and 4 domains [ Fig.  2(B) ]. Stabilized conformation for SDL region, a1 and a7 helice in bA domain will directly affect integrin aVb3 interactions with fibronectin and the motions of a1 and a7 helice that are important for aVb3 activations as observed in experimental studies. 15, 35 The increased conformational flexibility for EGF-1 and 2 domains could contribute to the open swing of Hybrid domain relative to bA domain of b3 subunit that has been observed in the increased activation of integrin aVb3 when binding with its ligand.
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Relative position changes between propeller domain and calf-2 domain of aV subunit, and between hybrid domain and bA domain of b3 subunit. Electron microscopy and crystallographic studies have shown that a highly bent conformation of integrin aVb3 is physiologically stable and has a low affinity for biological ligands. 13, 22 Integrin aVb3 binding with a high affinity ligand-mimetic peptide or Mn 21 ions results in a switchblade-like opening of integrin characterized by an extended structure with the extension at the knee of aV subunit and headpiece opening of b3 subunit that conveys activation signals between the extracellular ligand-binding site and the cytoplasm. 13, 22 The open swing of
Hybrid domain relative to bA domain of b3 subunit has been observed in the increased activation of integrin aVb3 for its ligand. 24 Motion of a1 helix in bA domain of b3 subunit. Experimental studies have shown that movement of the a1 helix in bA domain is directly involved in integrin activation. 15, 22 A metal ion-dependent adhesion site (MIDAS) in the bA domain is positioned to participate in a ligand-binding interface formed of loops from the Propeller and bA domains. 
Dynamical motion changes in integrin aVb3
Principal component analysis. The switchblade model of integrin activation proposed that the active aVb3 can adopt an extend conformation after ligand binding. 22 We performed principal component analyses (PCA) to describe the dynamical motion of integrin aVb3 without and with binding to fibronectin and to visualize the essential mode of motion by generating porcupine plots using the MD trajectory (Fig. 5) . The first PCA mode of single aVb3 shows the lateral opposite motion between Propreller and Calf-2 domains in aV subunit [ Fig. 5(A) ]. The "conformational selection" model indicates that bound conformations may already exist in the ensemble of unbound proteins. 36 Upon going from an unbound to a bound state, proteins are ready to explore the bound conformation from the unbound conformation. According to the "conformational selection" model, the integrin aVb3 might take the advantage of the lateral opposite motion to bind small ligands in its bent form. If the integrin aVb3 binds with ligands such as fibronectin, the lateral opposite motion between Propreller domain and Calf-2 domain would let the integrin transfer from the inactive (bent) form to the active (extend) form. By contrast, the first PCA mode of Calf-2 domain of the aVb3 bound to fibronectin showed the upward motion tendency relative to the Propreller domain, whereas the Propreller domain shows small motion along its first PCA mode. The motion of Calf-2 domain would make Calf-2 domain away from the Propreller domain. As the motion between Calf-2 domain and Propreller domain is relative, we can also propose that the Propreller domain would run away from the Calf-2 domain, since Calf-2 domain connecting to a transmembrane fragment is unlikely to move away from the membrane. In this way, the motion of Propreller domain relative to Calf-2 domain may lead to an extend conformation of the integrin aVb3 for its activation. To further investigate the activation of aVb3 by fibronectin, the final structures of aVb3 with and without the ligand were compared (Supporting Information Fig. S3 ). After overlapping the Calf-2 domain of aV subunit, both the Propeller domain of aV subunit and the bA domain of b3 subunit showed upward conformational changes when binding with fibronectin. This is consistent with the result of PCA that Propreller domain could run away from the Calf-2 domain when aVb3 binding fibronectin. Figure 5 (B) shows that the main PCA motions of aVb3 in aVb3-fibronecctin complex occur around the genu site (loops between Thigh domain and Calf-1 domain) in aV subunit and EGF1/2 domains in b3 subunit, whereas the two regions display only small dynamical motion in single aVb3. The genu site of . Hybrid domain (in cyan) in aVb3 without bound to fibronectin is superposed with that in aVb3 bound to fibronectin, bA domain in aVb3 without bound to fibronectin is shown in blue and bA in aVb3 bound to fibronectin is shown in red.
aVb3 in aVb3-fibronecctin complex is like a lever that could help to lift the Propreller domain in upward motion, resulting in the extension of aVb3 integrin. The electron microscopy experiments showing the activation of aVb3 also indicate the structural change of the integrin takes place at the genu site regions. 22, 37 PCA results for single aVb3 showed that specificity determining loop (SDL) region for ligand binding has relative large dynamical motion [ Fig. 5(A) ] is consistent with its conformation flexibility as observed in RMSF results [ Fig. 2(A) ]. The large motion of SDL in single aVb3 can also be explained by the "conformational selection" model, which are ready to explore the bound conformation from the unbound conformation of aVb3, yielding the high binding ability of aVb3 with ligand such as fibronectin. The thigh loops (loops interacting with the Propeller domain) have larger conformation flexibility in fibronectin-bound aVb3 compared to the single aVb3, which could result in the rotation between Thigh loop and Propeller domain. The rotation between the two domains has been observed in the studies of crystal structures of aVb3 with and without RGD ligand, showing that the Propeller undergoes a small rotation at the Propeller/Thigh interface after binding of RGD ligand.
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Dynamical cross-correlation analysis. We calculated the dynamical cross-correlation maps (DCCM) to compare the degrees of correlated motion of the residues of a single integrin aVb3 and integrin aVb3 in aVb3-fibronectin complex (Fig. 6) . Dynamical crosscorrelation maps of a single aVb3 is shown as top left in Figure 6 and aVb3 in aVb3-fibronectin complex is shown as bottom right in Figure 6 . Fig. 5(B) ], dynamical crosscorrelation result indicated that the motion of Calf-2 domain of aVb3 in aVb3-fibronectin complex would make it away from the bTD domain, and Hybrid domain will move away from bA domain. These suggests that after fibronectin binding, the leg of aV would move apart from that of b3 and Hybrid domain will swing open from bA domain. These could explain the proposed switchblade model for integrin activation that the "outside-in" activation can lead to the separation of the two legs 19 residues D119 and E220 of b3 subunit, and three water molecules (one of the water molecules formed an H-bond with D251 of b3 subunit which in turn coordinated with Mn 21 ion at ADMIDAS) [ Fig. 7(B) ].
Mn 21 ion at LIMBS was coordinated by residues E220, P219, N215, D217, and D158 of b3 subunit for unliganded-aVb3 [ Fig. 7(A) ], whereas it was coordinated by D1495 of fibronectin, residues E220, P219, D217, D158 of b3 subunit for liganded-aVb3 [ Fig. 7(B) ]. Residue D1495 of fibronectin bound directly with MIDAS and LIBMS, indicating that LIBMS plays an important role in ligand binding. This is consistent with the mutation studies suggesting that LIMBS is a positive regulatory site for integrin activation. sites was significantly smaller in liganded-aVb3 than that in unliganded-aVb3. The result suggests that fibronectin binding to aVb3 could stabilize Mn 21 ions binding, which may in turn further facilitate integrin aVb3 activation.
Conformational change of FnIII 9-10
Previous studies show that the conformational change of fibronectin could affects its accessibility to integrin for integrin activation. 33, 40, 41 To check whether FnIII 9-10 underwent conformational change after binding to aVb3 integrin, the angle between FnIII9 and FnIII10 that is formed by COM of FnIII9, pivot (residue 1448 of Fn) and COM of FnIII10 [shown in Fig. 8(A) ] was calculated. The average value for the angle is 160.938 for FnIII [9] [10] when it was bound to aVb3, while it is 132.90 for the free FnIII 9-10 [ Fig. 8(B) ], thus a significant conformational change for Fn was induced after binding to integrin. By superposing FnIII10 with and without binding to integrin, we found that FnIII9 bound to aVb3 rotated and moved close to the SDL loop of bA domain compared to free FnIII 9-10 [ Fig. 8(A) ]. The conformational changes of FnIII 9-10 could also affect integrin aVb3 binding to FnIII [9] [10] .
Relative position of RGD loop and synergy site for FnIII9-10
Previous studies showed that the spatial positioning of the RGD loop and synergy site, including the distance between RGD and the synergy site, is critical for fibronectin binding to integrin to signal cell adhesion. [42] [43] [44] We calculated the distance between RGD loop and synergy site of FnIII 9-10 with and without bound to integrin aVb3 [ Fig. 8(C) ]. Results show that the RGD loop was closer to the synergy site for FnIII 9-10 in complex with aVb3 compared to that for free Fn. This decreased distance between RGD loop and synergy site of FnIII 9-10 by binding to integrin aVb3 could strengthen the interaction between aVb3 and Fn, which is consistent with experimental observations regarding the critical role of spatial positioning of the RGD loop and synergy site in cell adhesion. 42 To further elucidate the interaction between integrin and fibronectin, detailed residue interaction between integrin (aV in blue and b3 in red) and FnIII 9-10 (in yellow) was represented in Supporting Information Figure S4 . It showed that two residues of b3 subunit play important role in binding: (1) [45] [46] [47] which could be resulted from that the two mutations directly disrupt the interaction between integrin and Fn to disrupt the integrin-Fn binding induced cellular signaling events for normal cellular function. In this work, the position changes of Hybrid domain relative to bA domain and the movement of a1 helix in bA domain were observed. These data were consistent with the results of Puklin-Faucher et al. 30, 31 that these structural changes are necessary for the activation of aVb3. In this study, the full length of extracellular aVb3 other than the integrin "head" as previous study 30, 31 was simulated, more details of the activation mechanism of aVb3 by binding to fibronectin have been provided in this work. Compared with the unliganed aVb3 integrin, the motion of Propreller domain of aV subunit and that of bA domain of b3 subunit relative to Calf-2 domain of aV subunit were identified in the liganed aVb3. This change of motion was consistent with the results of PCA and DCCM that dynamical changes also occurred between these domains. In addition, our results showed that fibronectin binding to aVb3 stabilized the conformation of SDL region, a1 and a7 helice in bA domain and the binding of Mn 21 ions, which may in turn further facilitate the activation of integrin aVb3. As a transmembrane protein, integrins can transmit signals in both "inside-out" (from intracellular to extracellular) and "outside-in" (from extracellular to intracellular) directions. 5 Experimental studies have shown that although aVb3 integrin is a transmembrane protein, purified aVb3 receptors, with or without transmembrane and cytoplasmic domains, were constitutively of high affinity and able to bind strongly to fibronectin under physiological conditions. 48 This study focus on investigation of the "outside-in" activation mechanism of integrin aVb3 by binding to fibronectin. We characterize the conformational and motion changes of the full length of extracellular aVb3 by binding to fibronectin without transmembrane and cytoplasmic domains of aVb3 and membrane effect, which could help to interpret the experimental observation about the binding of fibronectin with avb3 without transmembrane and cytoplasmic domains. With the future more knowledge of the structure information for full length transmembrane integrin, inclusion of the effect of biomembrane environment, transmembrane and cytoplasmic domains of aVb3 on the investigation of integrin activation mechanism will be the goal of the next step.
Conclusions
To better understand the functional role of integrin aVb3, aVb3 structure has been studied. 1, [11] [12] [13] [14] However, the detailed activation mechanism for integrin aVb3 by binding to fibronectin remains unclear. In this study, we investigated the conformational and dynamical motion changes of extracellular domains of Mn
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-bound integrin aVb3 by binding to fibronectin with molecular dynamics simulations. Conformational analysis results showed that FnIII 9-10 binding to integrin aVb3 resulted in the increased conformational flexibility of Thigh domain, and most regions of Calf-1 and Calf-2 domains of aV subunit, and EGF-1 and 2 domains of b3 subunit, and resulted in the stabilized conformation for SDL region, a1 and a7 helice in bA domain in b3 subunit of integrin aVb3, which could directly affect dynamical motion of integrin aVb3 and its binding with fibronectin. FnIII 9-10 binding to integrin aVb3 significantly increased both the angle of Propeller domain with respect to the Calf-2 domain of aV subunit and the angle of Hybrid domain with respect to bA domain of b3 subunit. These changes could result in the conformational change tendency of aVb3 from a bend conformation to an extended conformation and caused the open swing of Hybrid domain relative to bA domain of b3 subunit, which have been demonstrated important for aVb3 activation. 13, 22, 24 Movement of the a1 helix in bA domain is directly involved in integrin activation. 15, 22 Conformational analyses showed that FnIII 9-10 binding to integrin aVb3 significantly decreased the distance between a1 helix and bA domain, and the distance between a1 helix and MIDAS. Principal component analysis and dynamical cross-correlation analysis results showed the changes of the essential mode of motion for the domains of aV subunit and b3 subunit and the changes of the degrees of correlated motion of the residues between the domains of aV subunit and b3 subunit of integrin aVb3 by binding to fibronectin. The dynamical motions analysis results interpreted the observed conformational analysis results and provide the molecular basis and insights for the previously proposed switchblade model for integrin "outside-in" activation 19 and the experimental obser-
vation that the open swing of b3 subunit hybrid domain relative to bA domain increases activation of integrin aVb3 for its ligand. 24 Results also showed that aVb3 binding to FnIII 9-10 stabilized Mn 21 ions binding and changed FnIII 9-10 conformation, which may in turn further facilitate integrin aVb3 activation. Results from this study provide important molecular insight and basis for the activation mechanisms of integrin aVb3 by binding to fibronectin.
Materials and Method
Integrin aVb3 structure
There are several crystal structures for the extracellular domain of integrin aVb3 in the protein data bank (PDB). 1, [11] [12] [13] To obtain aVb3-fibronectin complex, we chose the crystal structure of the extracellular segment of integrin aVb3 in complex with an Arg-Gly-Asp (RGD) ligand (PDBID: 1L5G). 11 This crystal structure lacks the coordinates of EGF-1, EGF-2, and PSI domain of b3 subunit and several residues (residue 838 to 867) of Calf-2 domain of aV subunit. The structure of b3 submit is intact in the crystal structure of aIIbb3 (PDBID: 3FCS). 23 Comparison of b3 subunit in aVb3 and in aIIbb3 showed the sequence identity of 99%. Therefore, the structure of b3 subunit of aVb3 used in this study was constructed by using the structure of b3 subunit of aIIbb3 as a template. The RGD ligand in aVb3 (PDBID: 1L5G) was reserved for the construction of complex structure of aVb3 and fibronectin. For the missing coordinates of residues (residue 838 to 867) in aV subunit of aVb3, the DISpro secondary structure prediction server 49 was used for this 23 residue long sequence and predicted a b strand for residues 846-848 and a helix for residues 853-857 and the seven residue segment (res 861-867) not specifically constrained in secondary structure. With the structure alignment for b3 subunit of aVb3 with b3 subunit of aIIbb3 and the secondary structure restraints for residue 838-867 for aV subunit of aVb3 as the spatial restraints, Modeller 9v2 50 was used to obtain the complete structure of the extracellular segment of integrin aVb3 with RGD ligand. The disulfide bonds were built with the restraints from corresponding template structure. The disulfide bonds were checked and assigned according to the pattern deduced by Beglova et al. 51 The obtained intact extracellular segment of integrin aVb3 with RGD ligand was minimized with AMBER9 software package. 52 Further the modeled structure of aVb3 was evaluated with PROCHECK, 53 ERRAT, 54 and WHATCHECK 55 using NIH structural analysis and verification server (SAVES). The PROCHECK exams the stereochemical properties of a structure and check each residue's U/W angle, commonly shown in Ramachandran plot. The higher percent of residues falls into the favored and allowed region means the better quality of a structure, whereas more residues in the disallowed region indicates there are probable errors in the backbone structure. The overall quality factor of ERRAT gives the percent reliability of protein and the higher the better. The WHAT-CHECK compare the target structure with observed and theoretical parameter, the Z-scores used by WHATCHECK for evaluating Packing Quality, X 1 /X 2 Rotamer Normality, and Backbone conformation.
Integrin aVb3-fibronectin complex structure
The crystal structure of fibronectin, including modules from FnIII 7 to FnIII 10 , is available in Protein Data Bank (PDBID: 1FNF). 56 Because the specific binding recognition site of RGD for b3 integrin is contained in module FnIII 10 and FnIII 9 contains the "synergy" region that enhances the b integrin interaction with fibronectin, 56 FnIII 9 and FnIII 10 modules are used in this study. Using the VMD program, RGD region in the crystal structure of FnIII 10 was geometrically aligned with the RGD ligand on the aVb3-RGD complex by fitting the Ca atoms, and then the mimetic RGD ligand in the aVb3-RGD complex structure was removed. We further slightly adjusted the position of FnIII 9-10 relative to aVb3 by fixing the RGD region to avoid the slight overlap between the aVb3 structure and FnIII [9] [10] -bound aVb3-FnIII 9-10 complex was energy minimized with AMBER9 software package. 52 
Molecular dynamics simulation
Molecular dynamics (MD) simulations were performed for extracellular domain of Mn 21 -bound integrin aVb3 and aVb3-FnIII 9-10 complex using AMBER9 software package. 52 The AMBER force field was used for the simulated systems. The MD simulations were performed in a periodic box. One nm of solvent between the protein and the box boundaries was ensured to reduce potential artifacts arising from periodicity. The periodic box was filled with TIP3P water molecules and 150 mM NaCl (physiological salt concentration). Additional ions of Na 1 or Cl 2 were added to the system to neutralize the charge of the protein or protein complex. The MD simulation protocol was identical for the two simulated systems, which was similar to that of our previous studies. 33, [57] [58] [59] The MD simulation protocol included: (1) steepest descent minimization for the solvent with the protein and ions restrained but with water mobile; (2) equilibration of water with mobile water molecules but with the protein and ions restrained at constant number-pressuretemperature (NpT) at 50 K and 1 atm for 20 ps; (3) the warm up of the system via a series of 10 ps constant number-volume-temperature (NVT) MD simulations at 50, 100, 150, 200, 250, and 300 K with SHAKE constraints and 2 fs time steps; 4) production simulation at NpT of 300 K and 1 atm for the assigned time length of 180 ns in this study. In the production simulations, SHAKE constraints with relative tolerance of 1 3 10 25 were used on all hydrogen-heavy atom bonds to permit a dynamics time step of 2 fs. Electrostatic interactions were calculated by the particle-mesh Ewald method (PME). 60 The Lennard-Jones cutoffs were set at 1.0 nm. Root mean square deviation (RMSD) of protein or protein complex was calculated over time to ensure that the system reached equilibration during the MD simulations. The simulation trajectories after the initial equilibration were used for the conformational, dynamical motion and structural analyses.
Conformational and dynamical motion analyses
On the basis of the MD simulation trajectories, we performed a series of analyses to better understand the activation mechanisms of aVb3 integrin by binding to fibronectin. The root mean-square deviation of protein backbone atoms was analyzed to determine the systems' equilibration tendencies and its convergence. Root mean square fluctuations (RMSF) of integrin aVb3 were calculated on a residue-byresidue basis, and averaged over the production simulation trajectories after the systems reached equilibrium to observe the conformational fluctuation of integrin aVb3 domains by binding to fibronectin. Dynamical cross-correlation maps (normalized covariance matrices) between residues of integrin aVb3 were analyzed to gain insight into the degree of correlated motions of the residues in integrin aVb3 without or with binding to fibronectin. Principal component analysis (PCA) 61 was used to decompose integrin aVb3 motion over a trajectory into a few principal motions which are described by eigenvectors and eigenvalues. The first PCA mode is usually interpreted as the direction of the largest conformational fluctuation of the system during MD simulations. 62 These analyses were performed using the ptraj program of AMBER, Matlab 63 was used to generate the cross-correlation plots, and porcupine plots were used to visualize the collective dynamic modes calculated from PCA analysis. We also analyzed the conformational changes of integrin aVb3 by binding to fibronectin, including the relative position between bA domain and Hybrid domain of b3 subunit, the relative position of Propeller domain relative to the Calf-2 domain of aV subunit and motion of a1 helix of bA domain.
Statistical methods
To investigate the conformational changes of integrin aVb3 by binding to fibronectin, both the average values and the standard deviations of the analyzed variables were calculated. Because of the tendency of adjacent snapshots from the MD trajectories to be correlated with each other, the autocorrelation time 64 for the studied quantities were obtained to resample the trajectories into statistically independent periods in order to calculate the standard deviations for each quantity. With the obtained decorrelation times, bootstrap analysis 65 was performed following an analysis protocol similar to that of Chen and Pappu and our published study 33, [66] [67] [68] [69] to generate the new re-sampled dataset. The mean and standard deviation of the analyzed variables were obtained based on the new resampled dataset.
With the mean and standard deviation between the observables for the simulated systems, we used the Student's t-test 70 with 95% confidence to compare whether the conformational changes of integrin aVb3 by binding to fibronectin were significant.
